Next-generation sequencing is a powerful tool for the discovery of genes related to neurodevelopmental disorders (NDDs). Here, we report the identification of a distinct syndrome due to de novo or inherited heterozygous mutations in Tousled-like kinase 2 (TLK2) in 38 unrelated individuals and two affected mothers, using whole-exome and whole-genome sequencing technologies, matchmaker databases, and international collaborations. Affected individuals had a consistent phenotype, characterized by mild-borderline neurodevelopmental delay (86%), behavioral disorders (68%), severe gastro-intestinal problems (63%), and facial dysmorphism including blepharophimosis (82%), telecanthus (74%), prominent nasal bridge (68%), broad nasal tip (66%), thin vermilion of the upper lip (62%), and upslanting palpebral fissures (55%). Analysis of cell lines from three affected individuals showed that mutations act through a loss-of-function mechanism in at least two case subjects. Genotype-phenotype analysis and comparison of computationally modeled faces showed that phenotypes of these and other individuals with loss-of-function variants significantly overlapped with phenotypes of individuals with other variant types (missense and C-terminal truncating). This suggests that haploinsufficiency of TLK2 is the most likely underlying disease mechanism, leading to a consistent neurodevelopmental phenotype. This work illustrates the power of international data sharing, by the identification of 40 individuals from 26 different centers in 7 different countries, allowing the identification, clinical delineation, and genotype-phenotype evaluation of a distinct NDD caused by mutations in TLK2.
Arabidopsis gene Tousled.
3 TLK2, ubiquitously expressed in all tissues including fetal brain, encodes a serine/threonine kinase comprising a catalytic domain and multiple highly conserved coiled-coil motifs. 3, 4 TLK2 is known to have maximal activity during the S-phase of the cell cycle and is therefore tightly linked to DNA replication. 3 DNA double-strand breaks lead to rapid and transient inhibition of TLK activity, suggesting a role in checkpoint regulation. 5 With the discovery of both H3-H4 chaperone Asf1 and histone H3 as physiological substrates of TLKs, its protein function has been linked to chromatin assembly. [6] [7] [8] [9] [10] To establish the contribution of TLK2 variants to NDDs in humans, we systematically collected phenotypic data of the five affected individuals with TLK2 variants reported previously, 1 derived cell lines, and exploited different strategies to identify additional individuals with a variant in this gene. By including TLK2 in a Deciphering Developmental Disorders 11 Complementary Analysis Project, by using of GeneMatcher, 12 and by sharing data with international collaborators, we identified a total of 38 unrelated individuals and two affected mothers with heterozygous variants in TLK2. Variants were detected by either familybased WES (research settings, n ¼ 18 probands and 2 affected parents; diagnostic settings, n ¼ 18 probands) or whole-genome sequencing (WGS) (research settings, n ¼ 2 probands) in 26 different institutions and 7 different countries ( Figure S1 ; Supplemental Subjects and Methods). Two additional individuals with de novo TLK2 variants c.1514T>A (p.Val505Asp) and c.2171G>A (p.Arg724Gln), each of whom had a second likely pathogenic mutation in another gene, were excluded from further consideration to avoid confounding in the phenotypic analysis (Supplemental Subjects and Methods). IRB-approved consents for WES or WGS in diagnostic or research settings were obtained for all individuals.
We observed a broad spectrum of different variant types in TLK2 (GenBank: NM_006852): 4 frameshift variants, 10 nonsense variants (including 2 located in the last exon), 12 canonical splice-site variants, and 9 missense variants (Figures 1A-1C; Table 1 ). Additionally, we identified a de novo balanced translocation in one of the WGS case subjects, resulting in a breakpoint at chromosome 17q23.2 disrupting the TLK2 intron between exons 2 and 3 ( Figure 1D ; Supplemental Subjects and Methods). Interestingly, we found recurrent mutations within our cohort of affected individuals, occurring at hypermutable sites as reported by Rahbari et al. 13 We considered the alternative possibility of gene conversion, because pseudogenes very similar to TLK2 exist at 10p11.21 and/or 17q12; however, the pseudogene sequence(s) at the site of each recurrent mutation correspond to wild-type TLK2, excluding this mechanism. The missense variants c.1487A>G (p.His496Arg) and c.1015C>T (p.Arg339Trp) were each identified in two unrelated individuals, and c.1016G>A (p.Arg339Gln) also occurs at the Arg339 codon ( Figure 1C ; Table 1 ). Finally, two splice variants were predicted to give rise to the same affected protein product: c.1286þ1G>T and c.1286þ 1G>A ( Figure 1B ; Table 1 ). From the 9 missense variants identified in 11 unrelated individuals, 5 are located in the catalytic domain of the protein and 3 in a coiled-coil motif. One variant, c.890G>A (p.Gly297Asp), is located outside a known functional domain, but affects a highly conserved amino acid and was predicted pathogenic by several in silico prediction programs, similar to other missense variants ( Figure 1C ; Table S1 ). None of the missense variants were present in the ExAC database, 14 nor in our in-house database of variants identified in healthy control subjects. The recently released gnomAD database, containing WGS variants identified in control subjects, reported only c.1636C>T (p.Arg546Trp) in a single individual (allele frequency of $0.000004). None of the other missense variants were present in the gnomAD database (Table 1) . For all but two variants (Table 1) , the de novo status was assessed by sequencing the parents of the proband. In two individuals, variants were inherited from a similarly affected parent, while all other variants (n ¼ 34) occurred de novo. Detailed phenotyping revealed that both mothers carrying a predicted loss-of-function (LOF) TLK2 variant (Table 1) were mildly affected. The first mother (c.1460þ 2T>G) had mild neurodevelopmental delay and speech delay. The second affected mother (c.1776_ 1783delTGGTCTTT [p.Gly593Glufs*5]) had a low-normal IQ level but was diagnosed with bipolar disorder. Both had facial dysmorphism similar to their affected children ( Figure 1E ). The inherited variants illustrate that the search for a diagnosis should not always be restricted to de novo mutations, in particular if individuals are only mildly affected. Similar to the parents in this study, who were never referred for genetic testing before investigation of their child uncovered a TLK2 variant, we expect mutations causing milder phenotypes to be present in the general population. This could explain why, although TLK2 exhibits very strong constraint against LOF variants (pLI ¼ 1), five LOF variants (low-coverage variants excluded) have been reported in gnomAD, and a missense variant-c.1636C>T (p.Arg546Trp)-that was reported here as de novo variant, was present at very low allele frequency in the population (aggregate minor allele frequency of LOF and missense variants $0.000024). Consistent with the phenotypes of both affected mothers, mild neurodevelopmental phenotypes accompanied by language and motor delay were present in the majority of the 38 unrelated probands: 6% of the individuals had normal IQ levels (85-100), 14% had borderline ID (IQ 70-85), and from the 72% diagnosed with ID (IQ < 70), most had mild ID (IQ 50-70) ( Figure 2 ). Most of the affected probands (22 males and 16 females) were children at the time of last examination (median 8.0 years; interquartile range 4.1-13.5 years); ages ranged between Figure 2 , Table S2 ). Neurological problems including hypotonia (37%), epilepsy (13%), and non-specific intracranial brain abnormalities (13%) (Table S3) were observed. A broad range of behavioral disorders was present (68%), with often severely affected social functioning: tantrums (11 individuals), autism spectrum disorder (ASD; 11 individuals), attention-deficit disorder with or without hyperactivity (ADHD; 5 individuals), and severe social-emotional problems (6 individuals) were the most commonly reported problems. Less frequently observed were short attention span, pica disorder, aggression, obses- 
sive-compulsive disorder, and anxiety in 11 individuals. Other recurrent features included gastro-intestinal problems (constipation in 55%; severe diarrhea in 8%), neonatal feeding difficulties (42%), eye abnormalities (refraction abnormality in 29%, strabismus in 26%), musculoskeletal abnormalities (joint hypermobility in 21%; pes planus in 21%; toe walking in 18%; scoliosis in 8%; contractures of the hands in 8%), recurrent otitis media (24%), hypertrichosis (16%), and hoarse voice (8%). Abnormalities of skull shape were observed in 31% of probands (Figure 2 , Tables S2 and  S4) , with clinically proven craniosynostosis being present in four (11%) of them (Table S5 ). However, sequence-based screening of 309 DNA samples from individuals with mixed, genetically undiagnosed craniosynostosis (Supplemental Subjects and Methods, Table S6 ) did not identify further case subjects, indicating that TLK2 mutations are a rare cause of craniosynostosis. Growth parameters were frequently abnormal ( Figure 2 ). Short stature was documented in 37%, microcephaly in 24% (primary in 13%, secondary in 3%, and unknown age of onset in 8%), and low body weight in 13%. Three individuals (8%) were overweight, with age of onset between the ages of 2 and 12 years. Features reported in only one or two individuals are summarized in Table S4 . In addition to the other clinical features, overlapping facial dysmorphisms were present ( Figures 3A and 3B ). Most frequently reported by clinicians were blepharophimosis (82%), telecanthus (74%), prominent nasal bridge (68%), broad nasal tip (66%), thin vermilion of the upper lip (62%), and upslanting palpebral fissures (55%). Pointed and tall chin (42%), epicanthal folds (42%), narrow mouth (32%), high palate (30%), microtia, first degree (29%), posteriorly rotated ears (29%), long face (27%), ptosis (21%), and asymmetric face (16%) were observed in fewer than half of the individuals.
Analysis of data from the ExAC database demonstrates that TLK2 is extremely intolerant for LOF variants (pLI score ¼ 1). 14 In line with this observation, animal models with depletion of TLK2 have been reported to have severely disturbed cellular and developmental processes. Drosophila with complete LOF of TLK were associated with arrested nuclear divisions, causing apoptosis of the cell. 7 Tlk2-null mice were embryonically lethal due to placental failure. 15 In this study, we found several pre- in a truncated product leading to nonsense-mediated decay (NMD); (2) c.2092C>T (p.Arg698*), with a premature stop codon in the last exon predicted to escape from NMD; and (3) c.1720þ1G>T, a mutation predicted to affect splicing of exon 18.
To investigate the significance of NMD for expression of TLK2 transcripts, we treated fibroblasts (for p.Ser330*) and lymphoblastoid cell lines (for p.Ser330*, p.Arg698*, and c.1720þ1G>T) with cycloheximide, an inhibitor of NMD. 16 Transcript stability of cDNA PCR products from p.Ser330* and p.Arg698* individuals in the presence of cycloheximide was analyzed using a restriction enzyme assay targeting the wild-type transcript and the results were confirmed using deep sequencing to quantify relative levels of wild-type and mutant transcripts (Supplemental Subjects and Methods). For fibroblast and lymphoblastoid cell lines heterozygous for the p.Ser330* variant, the mutant allele represented 15.8% and 21.5% of transcripts, respectively, in the absence of cycloheximide, but rose to 37.7% and 48.5%, respectively, in the presence of cycloheximide, supporting that this variant is subject to NMD and causes haploinsufficiency of TLK2. In contrast, wild-type and mutant transcripts from lymphoblastoid cells of the individual heterozygous for p.Arg698* did not show significant differences between treated and untreated cells, supporting that the mutant transcript escapes NMD due to its location within the last coding exon of TLK2 ( Figure 4A ). Amplification of cDNA from an individual with a splice-site variant (c.1720þ1G>T) showed a full-length wild-type product of 300 bp and an additional aberrant smaller product of 130 bp, consistent with skipping of exon 18. Direct sequencing of this smaller fragment confirmed that exon 17 spliced directly to exon 19, thereby producing an out-of-frame transcript predicted to introduce a premature stop codon at the next amino acid position (p.Ser517fs*1). Additionally, the intensity of the spliced transcript increased when treated with cycloheximide, indicating that the mutant transcript is subjected to NMD ( Figure 4B) .
By analyzing TLK2 transcripts in cell lines of three different individuals, we were able to confirm that transcripts were subjected to NMD in two of them, causing haploinsufficiency of TLK2. It is likely that comparable variants predicted to cause LOF of TLK2 affect the transcript similarly. The large number of identified individuals with TLK2 variants allowed us to search for underlying pathogenic mechanisms for the individuals with variants with unknown effect, such as p.Arg698*. To assess this, we divided our cohort in two subgroups and (1) performed a structured genotype-phenotype analysis and (2) created and compared computationally modeled faces. Subgroup 1 (n ¼ 25) included all probands carrying a predicted LOF variant (nonsense, frameshift or canonical splice-site, or balanced translocation) similar to variants p.Ser330* and c.1720þ1G>T. Subgroup 2 (n ¼ 13) comprised individuals with either missense variants or variants introducing a premature stop codon in the last exon of TLK2, such as p.Arg698*. Affected parents of probands with inherited mutations were not included in the subgroups. Next, we compared frequencies of 40 different features and frequencies of 15 facial dysmorphisms between the two groups via a two-tailed Fisher's exact test. This showed that both clinical features and facial dysmorphisms were remarkably similar between the two subgroups. From the 55 different features, none differed significantly between the two subgroups (p < 0.05), even without correction for multiple testing (Table S2) . Second, averaged visualization of facial dysmorphism by computational modeling of 33 photographs from 22 individuals in subgroup 1 compared with 11 photographs from 8 individuals in subgroup 2 at different ages (Supplemental Subjects and Methods) showed consistent differences from a comparable number of gender-and age-matched controls, including blepharophimosis, telecanthus, broad nasal tip, and tall, pointed chin ( Figures 3C and 3D ). Given this strong overlap in phenotypes and facial dysmorphic features between probands with different type of mutations, it is likely that not only LOF variants but also the majority of identified missense variants and variants with a premature stop codon in the last exon have only a single functional copy of TLK2. Hence, we conclude that the predominant pathogenic mechanism of these TLK2 mutations is haploinsufficiency.
Often mentioned together with TLK2 is its close interactor TLK1. From birth, murine Tlk2 shows a similar expression pattern to the closely related paralog Tlk1 across many tissues. 15 Human TLK1 has 84% identity to TLK2 at the protein level, 3 and it was shown that TLK1 depletion leads to extensive chromosome segregation defects in human cells. 17 1.00 for both TLK1 and TLK2) (ExAC database).
14 In the literature, four de novo variants have been reported in TLK1 (GenBank: NM_012290. 20 Importantly, none of these variants are present in the ExAC or gnomAD databases. Taking this into account, it is possible that TLK1 variants could contribute to NDDs, similar to the homolog TLK2. In future research, the exact role of TLK1 in NDDs should be further explored.
In conclusion, we show that both de novo and inherited mutations in TLK2 cause a distinct neurodevelopmental disorder, hallmarked by mild developmental delay, a variety of behavioral disorders, severe gastro-intestinal problems, and facial dysmorphism. The identification of a large number of individuals (n ¼ 40, including two affected mothers) emphasizes the power and importance of data sharing, allowing us to delineate the clinical phenotype and to evaluate genotype-phenotype correlations. More than two-thirds of the individuals were identified in two relatively small countries: the Netherlands and the UK ( Figure S1 ). With an estimated prevalence of $1/566 (17/ 9,625) of TLK2 variants in probands recruited to the DDD study, it is expected that a larger number of individuals with TLK2 variants is present world-wide. In future, even more extensive data sharing than performed in this study will be needed to further extend the TLK2 cohort. By analyzing three cell lines of affected individuals, we were able to confirm that at least two variants act through a heterozygous loss-of-function mechanism (haploinsufficiency). The phenotypes of these individuals and others with comparable loss-of-function variants significantly overlapped with phenotypes of individuals with other variant types, providing further evidence for the underlying disease mechanism of the TLK2 variants. Given the genetic and functional similarities between TLK2 and TLK1, further research should focus on the potential role of TLK1 mutations in developmental disorders.
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